The goal of this study was to gain a better understanding of the PO 4 -P treatment efficiency of onsite wastewater systems (OWS) installed in nutrient-sensitive watersheds of the North Carolina Piedmont. Four OWS including two conventional and two single-pass sand filter (SF) systems were evaluated at sites with clay-rich soils. Piezometers were installed near all of the OWS, and downgradient from the conventional OWS for groundwater collection and characterization. Septic tanks, groundwater, SF effluent, and surface waters were sampled each season during 2015 (five times) and analyzed for PO 4 -P and Cl concentrations and for various environmental parameters. The conventional and SF OWS reduced PO 4 -P concentrations by an average of 99% and 90%, respectively, before discharge to surface waters. Mass-load reductions of PO 4 -P were also greater for the conventional OWS (mean 95%), relative to SF (83%) systems. The effluents discharged by SF OWS were influencing surface water quality. Additional treatment of the effluent from single-pass SF with reactive media is suggested, along with monitoring of the final effluent for PO 4 -P concentrations. This research provides important information that is absent from the published literature concerning PO 4 -P contributions to water resources from OWS in clay soils.
INTRODUCTION Onsite wastewater systems and phosphorus-enriched waters
Onsite wastewater systems (OWS) are a common method of wastewater treatment in many countries including the USA (United States Environmental Protection Agency ), Canada (Harman et al. ) , and Ireland (Gill et al. ) . Wastewater treated by these OWS contains high concentrations of various environmental contaminants including eutrophication-stimulating nutrients like phosphorus (Zanini et al.  ; United States Environmental Protection Agency ; Robertson ) . Septic tank effluent has total phosphorus concentrations that typically range from 2 to 12 mg/L (United States Environmental Protection Agency ) most of which is reactive orthophosphate (PO 4 -P) (Robertson ; Humphrey et al. ) . Concentrations of PO 4 -P several orders of magnitude lower than septic effluent can stimulate primary productivity in some waters (National Oceanic and Atmospheric Association ). For example, in Florida the total phosphorus threshold for streams ranges from 0.06 to 0.49 mg/L, depending on geographic region (Florida Department of Environmental Protection ). Excess PO 4 -P loadings have caused algal blooms, eutrophic conditions, fish kills and/or water use impairment for water resources in China and Japan (Conley et al. ) , throughout the European Union (Arnscheidt et al. ; Holman et al. ) , and in the USA (Valiela & Costa ; Reay ; Conley et al. ) , making PO 4 -P management a global environmental issue.
In the central Piedmont and eastern regions of North Carolina, major water resources including Falls Lake, Jordan Lake, High Rock Lake, the Tar River and some coastal waters are impaired due to excess nutrient loadings (Conley et al. ; Mallin & McIver ; North Carolina Division of Water Resources ) . Regulations have been and are being enacted to lessen the phosphorus delivered from agricultural and urban runoff, and from wastewater treatment plants in many of these nutrient-sensitive water bodies (North Carolina Division of Water Resources ). Research has shown that in some regions, effluent from OWS may be a significant source of PO 4 -P in groundwater ( , so PO 4 -P treatment by OWS in the coastal plain and Piedmont may differ. More information is needed regarding the contributions of PO 4 -P from OWS to water resources to determine if mitigatory strategies should include reducing PO 4 -P contributions from OWS, in particular for the Piedmont regions where most of the state's population is centered and OWS are commonly used.
Onsite wastewater system technologies and phosphorus treatment
There are approximately two million active OWS in North Carolina and most are conventional style (Hoover ) . Conventional-style OWS typically have four basic components including a septic tank, drainfield trenches, soil beneath the trenches, and setback distances from the OWS trenches to surface waters (Figure 1(a (Westholm ; Robertson ) . Immobilization of PO 4 -P may occur via uptake by riparian vegetation down-gradient from OWS (Osmond et al. ) . Setback distances (typically !15 m) from the OWS to streams allow additional time and opportunity for further treatment of wastewater contaminants and for dilution and dispersion in the groundwater system (Robertson et al. ; Humphrey et al. ) .
In locations where useable soil depth is not sufficient for a subsurface discharge OWS, then surface discharge systems such as sand filters (SF) may be permitted. SF are commonly used in portions of the Falls Lake Watershed where expansive clay mineralogy does not allow for subsurface dispersal of septic tank effluent (North Carolina Department of Environmental Quality ). SF systems include a septic tank, effluent dispersal pipe at the top of the filter, sand media within the filter, and effluent discharge pipe at the bottom of the filter (Figure 1(b) ). The sand in the filter provides the media and environment for septic tank effluent treatment (Nielsen et al. ) . The SF effluent then discharges into a surface water such as a stream via the discharge pipe.
Conventional-and SF-style OWS are commonly used in the Piedmont of North Carolina, but there is a lack of published research with regards to their effectiveness in treating PO 4 -P. The goal of this project was to help fill that research need by evaluating the influence that OWS have on contributing PO 4 -P to groundwater and surface waters in the Piedmont of North Carolina, where problems with excess nutrients in water resources continue to be a major environmental issue.
METHODS

Site selection
Four volunteered sites with OWS in Wake (one site) and Durham counties (three sites) in North Carolina, USA, were instrumented with piezometers for this study (Figure 2 ). These sites were chosen because portions of Wake and Durham counties drain to the nutrient-sensitive waters of Falls Lake and Jordan Lake. Also, Durham and Wake counties are two of North Carolina's largest counties and they rely heavily on OWS. For example, more than 4,900 operation 
Groundwater monitoring network
Piezometers were used for monitoring groundwater at each volunteered site. Piezometers were nested at different depths to determine if PO 4 -P concentrations were elevated in certain sections of the water column down-gradient from the conventional-style OWS. Boreholes were created for piezometer installations using soil augers and/or a truckmounted Geoprobe. The boreholes were drilled to depths below the water table. The soils from the boreholes were laid on a tarp to characterize the profiles and for comparison to the USDA mapped series for the sites. Soil samples were collected from depths beneath the trench/filter bottoms and analyzed for physical and chemical properties including particle size distribution, pH, ECEC, and humic matter content. Particle size distribution was determined by the hydrometer method and the NC Agronomics laboratory in Raleigh, NC, performed the analyses of pH, ECEC, and humic matter percentage (Table 2) .
Piezometers were constructed using either 3.18 cm or 5.08 cm PVC pipe connected to a well screen. Once the piezometers were installed in the boreholes, sand was poured in the annular space surrounding the well screen. Bentonite and borehole soil was used to fill the remainder of the annular space to the top of the casing. Piezometers were installed near (<1.5 m) the drainfields of the conventional OWS and at varying distances (5 to 35 m) down-gradient towards surface waters. There were 22 piezometers installed at the conventional-style OWS sites (11 at Site 100 and 11 at Site 200). Piezometers (five total) were also installed at Site 300 (two piezometers) and Site 400 (three piezometers) near the SF and in at least one location away from the filter. It was anticipated that most effluent would discharge through the outlet pipe of the SF, however, piezometers were installed near the SF to determine if some tank effluent infiltrates the soil in the SF and influences groundwater quality. Valve boxes were placed over piezometers and installed level with the ground surface to help protect the piezometers and to limit their intrusiveness. Piezometers and valve boxes were assigned unique labels.
A laser level and receiving rod were used to determine the relative elevation of the piezometer casings. Distances were recorded from piezometer to piezometer and also from piezometers to other landmarks visible on the aerial photographs of the sites. Site maps were constructed using the survey information ( Figure 2 ). The elevations, groundwater depths, and piezometer locations were used with the three-point solution method (Domenico & Schwartz ) to determine groundwater flow direction and hydraulic gradient. Slug tests (Domenico & Schwartz ) were conducted to determine the hydraulic conductivity (K) of the soils for the subsurface discharge OWS. Geological data from the sites are displayed in Table 3 .
Water quality monitoring
Nutrient, physical and chemical analyses of water samples
Water sampling (groundwater, septic effluent, SF effluent, and surface water) at the sites was conducted five times over the course of the year and at least once during each season (March, May, July, September, and November 2015). Depth to groundwater was measured first at each piezometer using a Solinst Temperature, Water Level, and Conductivity Meter (Solinst Canada Ltd, Georgetown, ON, Canada), then a new disposable bailer was lowered into the piezometer to purge the water and to allow for recharge to occur. Next, groundwater samples were withdrawn from the piezometer and transferred to sample bottles and a calibration cup for environmental parameter determination. Environmental readings including pH, temperature, specific conductance (SC), dissolved oxygen (DO), and the oxidation-reduction potential (ORP) were measured in the field using a YSI-556 Multiprobe Meter (Yellow Springs Incorporated, Yellow Springs, OH, USA). Samples were also collected from the septic tanks and adjacent surface water at each site and environmental readings The treatment efficiency of each OWS was determined by comparing the concentrations of PO 4 -P in septic tank effluent to groundwater down-gradient from the drainfields or at the outlet of the SF. The Cl/PO 4 -P ratios of wastewater, and groundwater down-gradient from the OWS were analyzed to determine if concentration reductions were due to dilution or other processes. Chloride has been used as a conservative tracer to help analyze nutrient concentration reduction processes in several prior studies (Bradshaw & 
Fraction background groundwater
With an estimate of wastewater and background groundwater fraction for each sampling location, a predicted concentration of PO 4 -P can be calculated for each piezometer and compared to the observed PO 4 -P concentration. The predicted value is based on the assumption that all reductions in PO 4 -P concentrations are because of dilution. The difference in predicted and observed PO 4 -P concentrations provides an estimated reduction of PO 4 -P mass via adsorption, precipitation, and/or immobilization.
RESULTS AND DISCUSSION
Phosphate treatment
Site 100 (conventional onsite wastewater system) Septic effluent PO 4 -P concentrations were significantly higher than groundwater PO 4 -P concentrations near the Figure 3) . The mean PO 4 -P concentrations of groundwater near the drainfield and down-gradient from the OWS were all less than 0.02 mg/L and more than 99% lower than septic effluent (6.60 mg/L) ( Figure 3) . No significant differences (p > 0.05 for all comparisons) were observed between groundwater PO 4 -P concentrations near the drainfield relative to groundwater 15 m and 35 m down-gradient from the OWS, and in the lake. The Cl/PO 4 -P ratios show two orders of magnitude difference between septic tank effluent and groundwater down-gradient from the OWS, thus confirming that significant attenuation of PO 4 -P mass occurred at this site (Table 4 ). More specifically, the mixing model results show that greater than 98% of the PO 4 -P mass is likely lost along the groundwater flow path (Table 4) . Therefore, the OWS was very efficient at reducing the concentration and mass of PO 4 -P at this site. Specific conductance was highest for septic effluent (617 μS/cm) and was elevated beneath the OWS drainfield trenches (138 μS/cm) and down-gradient from the OWS (84 to 122 μS/cm) relative to water from the background well (74 μS/cm) and lake (49 μS/cm) (Table 5) . Therefore, effluent from the OWS was influencing the conductance of groundwater. Several prior studies have shown that specific conductance of wastewater is elevated (Appling et al. ; Del Rosario et al. ; O'Driscoll et al. ) and thus may be a good indicator of wastewater-impacted groundwater. The elevated specific conductance of groundwater down-gradient from the OWS helps provide evidence that wastewater-impacted groundwater was sampled.
Site 200 (conventional onsite wastewater system)
Groundwater PO 4 -P concentrations declined with increasing distance from the OWS, and all sampling locations had PO 4 -P concentrations that were significantly (p < 0.05) lower than septic effluent (7.78 mg/L) ( Figure 3 ). For example, piezometers 200 and 201 s near the drainfield had a mean groundwater PO 4 -P concentration of 0.061 mg/L or 99% lower than septic effluent. Groundwater 15 m and 35 m down-gradient from the OWS had mean PO 4 -P concentrations of 0.029 mg/L and 0.025 mg/L, respectively (Figure 3) . While PO 4 -P concentrations in groundwater near the drainfield were not significantly different than in groundwater 15 m down-gradient (p ¼ 0.1590), statistically significant differences were observed 35 m down-gradient (p ¼ 0.0129) relative to near the drainfield. Therefore the OWS was influencing the PO 4 -P concentrations in groundwater near the system (less than 35 m down-gradient). Piezometers 207 and 208 were outside the groundwater flow path of the OWS, and were considered the background sampling locations. These piezometers had a mean PO 4 -P concentration of 0.008 mg/L, and were significantly lower (p ¼ 0.0084) than concentrations near the drainfield. The creek had a mean PO 4 -P concentration of 0.016 mg/L, but the concentrations were not significantly different than in groundwater 35 m down-gradient from the OWS (p ¼ 0.5744). The Cl/PO 4 -P ratios for all the groundwater sampling locations down-gradient from the OWS were elevated by more than one order of magnitude (range: 241 to 520) relative to septic effluent (6.5), indicating significant attenuation of the mass of PO 4 -P (Table 4 ). Based on the mixing model results, all groundwater sampling locations showed mass reductions of PO 4 -P greater than 92% relative to septic tank effluent. Adsorption of PO 4 -P was likely influenced by the iron oxide coatings on the clay minerals (Humphrey & O' Driscoll ) of the Georgeville (Clayey, Kaolonitic, thermic Typic Hapludults) series soils (Daniels et al. ) .
Similar to site 200, the mean specific conductance of septic effluent (765 μS/cm) and groundwater near the drainfield (280 μS/cm) was elevated relative to other sampling locations (108 to 174 μS/cm), indicating that effluent was influencing the conductance of groundwater beneath the OWS (Table 5) .
Groundwater PO 4 -P concentrations near the drainfield and down-gradient from the OWS at Site 200 were elevated in comparison to similar locations at Site 100. The differences in groundwater PO 4 -P concentrations between the two sites may be related to differences in mean wastewater strength ( The PO 4 -P treatment efficiencies of these systems did not change much season to season. Overall, both OWS were very efficient at reducing the concentrations (>99%) and mass (92-98%) of PO 4 -P. These findings are in agreement with prior research regarding the PO 4 -P concentration reductions in clayey soils (Karathanasis et al. ; Gill et al. ; Humphrey et al. ) .
Groundwater near the OWS drainfields at Site 100 and Site 200 had similar mean (5.9 for both) and ORP (34 and 45 mV) ( Table 5 ). These environmental conditions would be conducive to precipitation of the minerals variscite (AlPO 4 ·2H 2 O) or vivianite (Fe 3 (PO 4 ) 2 ·8H 2 O), thus removing PO 4 -P from solution, and reducing the mass of PO 4 -P entering groundwater beneath the OWS (Zanini et al. ; Humphrey et al. ) .
Site 300 (sand filter onsite wastewater system) Site 300 was served by a surface discharge SF. The SF had been repaired a few months prior to initiation of our study and the septic contractor did not correctly connect a discharge pipe for filter effluent conveyance to the creek. As a result, the SF was functioning more like a conventionalstyle subsurface discharge OWS in the early months (March-June 2015) of the project. During the first two sampling events in March and May, effluent from the filter was upwelling through the soil to the ground surface. The surfacing effluent (overflow) was sampled during this period for PO 4 -P and environmental readings analyses. A discharge pipe for the filter was correctly connected in June and filter effluent was sampled from the pipe afterwards (July, September, and November).
The mean PO 4 -P concentration for septic tank effluent at Site 300 was 5.66 mg/L. Wastewater that was surfacing during the period prior to the installation of the filter discharge pipe had a mean PO 4 -P concentration of 0.736 mg/L, which was 87% lower than septic effluent (Figure 4) . Groundwater adjacent to the SF at piezometer 301 had a mean PO 4 -P concentration identical to groundwater at piezometer 302 on the opposite side of the creek and away from the filter (both 0.010 mg/L) ( Figure 4) . Filter effluent had a mean PO 4 -P concentration of 0.108 mg/L, which is a 98% reduction in PO 4 -P concentration relative to septic tank effluent. The Cl/PO 4 -P ratios indicate there was mass removal of PO 4 -P via the SF as the Cl/PO 4 -P ratios were lowest for septic tank effluent (16.6), followed by the overflow (31.0), SF effluent (210.2), and groundwater near the SF (970.8). Using the two-component mixing model with Cl and PO 4 -P concentration data from piezometer background groundwater and septic effluent, it was determined that 89% of the filter effluent was groundwater and 11% of the effluent was wastewater. There was an estimated 83% mass reduction of PO 4 -P from the septic tank to filter outlet based on the model. The creek had a mean PO 4 -P concentration of 0.053 mg/L. Several other SF systems also discharged effluent into the same creek, contributing to the relatively high concentration.
The removal efficiency of the SF was likely influenced by the age of the media (<1 yr), and relatively low flows (two occupants). Prior studies have shown that as the adsorptive capacity of the media exhausts over time, the P treatment efficiency declines (Nielsen et al. ; Tonan et al. ) , so PO 4 -P filter effluent concentrations may increase in future years. The mean pH (5.9) and ORP (51 mV) of filter effluent (Table 5) Septic effluent had the highest mean specific conductance (1,021 μS/cm), lowest mean ORP (À238 mV), and lowest mean DO (1.5 mg/L) of the sampling locations (Table 5 ). The overflow had physical and chemical properties most similar to septic effluent (specific conductance: 369 μS/cm; ORP: À77 mV; DO: 1.4 mg/L) ( Table 5 ). The mean specific conductance of SF effluent (240 μS/cm) and groundwater near the SF (229 μS/cm) were also elevated relative to the creek (165 μS/cm) and background groundwater (174 μS/cm). This indicates that the OWS was influencing groundwater and surface water electrical properties.
Site 400 (sand filter onsite wastewater system) Septic effluent at Site 400 had a mean PO 4 -P concentration of 5.683 mg/L and was elevated relative to all other sampling locations (Figure 4) . Effluent from the SF had a mean PO 4 -P concentration (1.069 mg/L) that was 81% lower than septic tank effluent and the ditch receiving the SF discharge had a mean PO 4 -P concentration of 0.814 mg/L or 86% lower than the mean septic effluent concentration. SF effluent concentrations of PO 4 -P were highest during the wet periods of March and May, and were lowest during July and September. Therefore, the system was most efficient during warmer periods. Groundwater adjacent to the SF at piezometer 401 had a mean PO 4 concentration of 0.250 mg/L (96% reduction) which was significantly elevated relative to groundwater away from the filter at piezometers 402 (0.033 mg/L; p ¼ 0.0369) and 403 (0.004 mg/L; p ¼ 0.0358). Because this OWS used chlorination for filter effluent disinfection, ratios of Cl to PO 4 -P and the mixing model could not be used. Specific conductance of the filter effluent was much higher than other sampling locations because of the chlorination process ( Table 5 ). The OWS at this site was influencing groundwater and surface water PO 4 -P concentrations, and the specific conductance of surface water.
CONCLUSIONS
Data from Sites 100-200 (conventional OWS) indicated that PO 4 -P concentrations were reduced by an average of >99% in groundwater 35 mþ down-gradient from the OWS, relative to concentrations in septic tank effluent. Based on mixing model results, there was an average PO 4 -P load reduction of 92% to 98%, respectively, at Sites 200 and 100, and differences in PO 4 -P concentrations in groundwater 35 m down-gradient from the OWS, in background groundwater, and in adjacent surface waters were not statistically significant. Therefore, the conventional OWS in this study (with >40 m setback to surface waters) were not contributing significant loads of PO 4 -P to surface waters. In contrast, the mean PO 4 -P concentrations in SF effluent for Sites 300 and 400 were 0.108 to 1.069 mg/L, respectively. These concentrations were elevated relative to concentrations of PO 4 -P in the creeks that receive the SF discharge, and relative to groundwater 35 m down-gradient from the OWS at Sites 100 and 200. While the mean concentration reductions for the SF systems at Sites 300 and 400 were 80% and 84%, respectively, the SF effluent was still enriched with PO 4 -P, and the effluent was discharged directly to surface waters.
The conventional OWS were more efficient at reducing the concentration and mass of PO 4 -P in comparison to the SF. Water quality could be improved by further treating the SF effluent before discharge to surface waters by either extending the existing SF and incorporating reactive media such as wollastonite or slag material, or creating a constructed wetland built with reactive media to receive SF effluent (Westholm ) .
While nitrogen concentrations in SF effluent are monitored for new systems, there is no requirement for PO 4 -P monitoring. Phosphorus has been identified as a pollutant of concern for Falls Lake, Jordan Lake, and High Rock in the Piedmont of North Carolina, where many SF are in operation (North Carolina Division of Water Resources ). Given the findings of this study with regards to PO 4 -P concentrations in SF effluent, it is suggested that PO 4 -P be included in the routine analyses of SF and other media filter effluent to provide a broader perspective on the contributions of these OWS to surface waters.
